A new multicolor fluorescence in situ hybridization (mFISH) probe set is presented, and its possible applications are highlighted in 25 clinical cases. The so-called heterochromatin-M-FISH (HCM-FISH) probe set enables a one-step characterization of the large heterochromatic regions within the human genome. HCM-FISH closes a gap in the now available mFISH probe sets, as those do not normally cover the acrocentric short arms; the large pericentric regions of chromosomes 1, 9, and 16; as well as the band Yq12. Still, these regions can be involved in different kinds of chromosomal rearrangements such as translocations, insertions, inversions, amplifications, and marker chromosome formations. Here, examples are given for all these kinds of chromosomal aberrations, detected as constitutional rearrangements in clinical cases. Application perspectives of the probe set in tumors as well as in evolutionary cytogenetic studies are given. (J Histochem Cytochem 60:530-536, 2012) Keywords multicolor fluorescence in situ hybridization (mFISH), heterochromatin-M-FISH (HCM-FISH) probe set, heteromorphism, small supernumerary marker chromosome (sSMC), insertion, translocation Article
A detailed characterization of chromosomal rearrangements detected in routine banding cytogenetics can nowadays be done easily by fluorescence in situ hybridization (FISH) and/or array-comparative genomic hybridization (aCGH) (Manolakos et al. 2010; Weimer et al. 2011) . While in aCGH, a higher resolution may be achieved, FISH still has several advantages over the array-based approaches (Manolakos et al. 2010) . FISH allows, for example, the analysis of balanced rearrangements, of chromosomal aberrations present only in low mosaic levels, and of the large heterochromatic regions of the human genome. The acrocentric short arms; the centric and the large pericentric regions of chromosomes 1, 9, and 16; as well as the band Yq12 cannot be analyzed by aCGH.
A multitude of multicolor FISH (mFISH) probe sets have been developed in the last decades (Liehr 2012a) . They were implemented for use in one experiment: 1) all 24 human whole chromosome painting probes (multiplex FISH = M-FISH [Speicher et al. 1996] ; spectral karyotyping = SKY [Schröck et al. 1996]) or 2) all centromeric probes (centromere-specific M-FISH = cenM-FISH [Nietzel et al. 2001] ). Also, 3) various FISH banding approaches (Liehr et al. 2002a ) were introduced as well as 4) combinations of centromeric with locus-specific and/or partial chromosome painting probes (e.g., subcentromerespecific M-FISH = subcenM-FISH [Liehr et al. 2006] ). These probe sets are highly suited to characterize simple and complex chromosomal aberrations (approaches 1 and 3) or small supernumerary marker chromosomes (sSMC) (Liehr et al. 2004 (Liehr et al. , 2006 (approaches 2 and 4). Recently, even a probe set was introduced to substantiate indirectly epigenetic changes (parental origin determination FISH = POD-FISH [Weise et al. 2008] ).
Here, we present a new mFISH probe set specifically directed against the large heterochromatic regions within the human genome. This so-called heterochromatin-M-FISH (HCM-FISH) set was successfully established and applied already in 30 cases, where its application saved sample material and time. We present 25 representative cases studied by HCM-FISH and discuss the possible applications of this new probe set.
Materials and Methods

HCM-FISH Probe Set
The HCM-FISH probe set ( Fig. 1) is based on eight glassneedle microdissection (midi)-derived and one P1 artificial chromosome (PAC) probe (RP5-1174A5 = dj1174A5); the latter was kindly provided by Dr. M. Rocchi (Bari, Italy). The latter probe is specific for the nucleolus organizer region (NOR), which contains several tandem copies of ribosomal RNA genes and in humans is clustered on the short arms of chromosomes 13, 14, 15, 21, and 22 ; that is, the acrocentric chromosomes . Midi was done as previously reported (Liehr et al. 2002b) . Midi probes for the regions 1q12, 9q12, 15p12~11.2 (i.e., a β-satellite-specific probe), 16q11.2, 19p12~19q12, and Yq12 were established for this probe set, while those probes for 9p12/9q13 (midi 36) and for all acrocentric short arms (midi 54) were as previously reported (Mrasek et al. 2003) .
The DNA of the nine probes was amplified in vitro and labeled by degenerated oligonucleotide primer polymerase chain reaction (DOP-PCR) according to standard procedures (Telenius et al. 1992 ). The amplification procedure followed a published scheme ( Fig. 2A in Liehr et al. 2002b ). The used fluorochromes Spectrum Green (SG), Spectrum Orange (SO), Texas Red (TR), cyanine 5 (CY5), and diethylaminocoumarin (DEAC) were applied for the nine DNA probes as depicted in Figure 1A . Thus, each DNA probe obtained its unique fluorochrome combination, which could be transformed into pseudocolors (Fig. 1) using the software mentioned below.
Twenty metaphase spreads were analyzed, each using a fluorescence microscope (Axioplan 2 MOT; Carl Zeiss, Oberkochen, Germany) equipped with appropriate filter sets to discriminate between all five fluorochromes and the counterstain 4',6-diamidino-2-phenylindole (DAPI). Image capturing and processing were carried out using an Isis mFISH imaging system (MetaSystems; Altlussheim, Germany).
Clinical Cases
Overall, 30 clinical cases were studied already by HCM-FISH (Table 1 ). The clinical indications were infertility, repeated abortions, dysmorphic features and/or mental retardation, or a prenatal cytogenetic study due to advanced maternal age (Table 1 ). In all studied cases, apart from cases 1 and 1a to 1d, which were normal controls, banding cytogenetics revealed an aberrant karyotype. M-FISH was not informative in cases 2, 4, 6, 7, 8, 10, 11, and 14 (results not shown). In cases 3, 5, 12, 13, and 15, heteromorphisms were suggested after Giemsa stained chromsomes banding. In the additional redundant 11 cases (Table 1) , similar observations were made. In case 9, HCM-FISH was applied directly, as an sSMC derived from an acrocentric chromosome was suggested.
Results
In the present study, it could be demonstrated that HCM-FISH can be used to characterize within one single step chromosomal rearrangements with gross involvement of heterochromatic material. The HCM-FISH probe set was established first in five control cases (result shown for case 1 in Fig. 1A and for case 1b in Fig. 1B ). The probe mix appeared to work reliably and stably and stained the foreseen chromosomal regions as expected. Afterwards, it was applied in the five groups of patients listed below (Table 1) . All chromosomal aberrations in cases 2 to 14 were initially detected by GTG banding.
1. Heterochromatic material attached to the tip of a nonacrocentric chromosomal arm: In cases 2, 4, 4a, and 4b, the short arm of a acrocentric chromosome unable to be further characterized was attached to the short arm of a chromosome 1 (Fig.  1C ) or the long arm of a Y chromosome ( Fig. 1E ). 2. Heterochromatic material attached to the end of an acrocentric chromosomal arm: In cases 5-8, 12, 13, and 15, the short arms of different acrocentric chromosomes were enlarged. Chromosome 15p-specific β-satellite DNA was amplified in one chromosome 15 of case 5 ( Fig. 1F) ; additionally, double satellites (dss) were present on the second chromosome 15 and one chromosome 22 in case 5. Furthermore, chromosome 22 of case 5 with dss had a so-called increase in the length of the stalk of the short arm (pstk+) (Fig. 1F ). Similar heteromorphisms were the reason for the enlargements of acrocentric p-arms in cases 12 (including cases 12a and 12b), 13 (including cases 13a and 13b), and 15: dss, pstk+, or double stalks (pstkpstk) were characterized (Table 1) . In cases 6, 7, and 8 (including cases 6a and 8a-8d), heterochromatic material derived from Yq12 was added to the short arms of a chromosome 13, 14 ( Fig. 1G ), or 15. 3. Heterochromatic material inserted in an autosome:
In cases 10 and 11, undefined additional material Table 1 ). (C) HCM-FISH revealed in one hybridization step the nature of the derivative chromosome 1 (arrowhead) in case 2 (Table 1) , that is, der(1)t(1;acro)(p36.33;p11.2). (D) In case 3 (Table 1) , a suggested 16qh+ (arrowhead) could be confirmed. (E) der(Y)t(Y;acro)(q11.2;p12) was characterized in case 4 ( Table 1 ). (F) In case 5 (Table 1) (Table 1) . It was initially suggested to be derived from an acrocentric chromosome; however, HCM-FISH characterized the sSMC as a derivative of the short arm of chromosome 9 (arrowhead): del(9)(q11.1~12). (I) The unknown material inserted in 4q34.2 of case 10 (Table 1) was characterized by HCM-FISH as derived from the short arm of an acrocentric chromosome (arrowhead). (J) In case 11 (Table 1) , short arm material derived from an acrocentric chromosome was inserted in a derivative chromosome 16 in p11.2 (arrowhead).
was inserted into a chromosome 4 and 16, respectively. By HCM-FISH, this material was defined to be derived from an acrocentric short arm ( Fig.  1I and 1J ). 4. Enlargement of heterochromatic blocks in autosomes: In cases 3 and 14, the heterochromatic blocks of one chromosome 16 and 9, respectively, were enlarged. In case 3, it was an enlargement of 16q11.2, describable as 16qh+ (Fig. 1D) . In case 14, the enlargement resulted from an additional band derived from DNA homologous to midi 36 (specific for 9p12/9q13). 5. Potentially heterochromatic sSMC: Case 9 was studied by the HCM-FISH probe set, as a heterochromatic; it was most likely that acrocentric chromosome-derived sSMC was expected according to GTG banding. Surprisingly, this sSMC turned out to be del(9)(q11.1~12), also describable as der(9)(pter->q11.1~12:) ( Fig. 1H ).
Discussion
During the last decades, numerous mFISH approaches have been developed (Liehr 2012a ): M-FISH/SKY is able to characterize the origin and/or composition of larger euchromatic-derivative chromosomes (Speicher et al. 1996; Schröck et al. 1996) ; cenM-FISH can identify the chromosomal origin of sSMC (Nietzel et al. 2001) ; FISH banding and the use of locus-specific probes enable a better breakpoint characterization than banding cytogenetics (Weise et al. 2002; Manvelyan et al. 2007) ; and POD-FISH is able to determine the parental origin of derivative chromosomes on a single cell level (Polityko et al. 2009 ). Even though there were already probe sets specific for some of the large heterochromatic human chromosomal regions, like pericentromere of chromosome 9 , or short arms of all acrocentric chromosomes , no probe set was available up to now that was directed against all of them. The HCM-FISH probe set closes this gap in mFISH approaches; within one single step, chromosomal rearrangements with gross involvement of heterochromatic material can be characterized, as shown for cases 2 to 15.
Here, HCM-FISH was applied for the characterization of five different kinds of chromosomal rearrangements and proved to be a helpful tool in clinical cytogenetic diagnostics. However, the HCM-FISH probe set could also be used to answer questions in other fields, such as tumor cytogenetics or evolutionary studies. Examples would be interstitial heterochromatin in tumor-associated derivative chromosomes (Doneda et al. 1989) or studies on evolutionarily conserved heterochromatin (Mrasek et al. 2003) . If heterochromatic material is attached to the tip of a nonacrocentric chromosomal arm, the carrier can be clinically normal and only detected due to infertility or clinically affected due to essential loss of subtelomeric material in the "receiving" chromosome. There are cases reported with attached heterochromatin derived from an acrocentric short arm, similar to the present cases 2 and 4 (Weise et al. 2002) , or derived from Yq12 (de Ravel et al. 2004; Hiraki et al. 2006 ). Yet, there are no other terminal additions of heterochromatic material reported as inborn rearrangements. However, in tumor cytogenetics, terminal translocations with breakpoints in 16q11.2 (Tsuda et al. 1999) or the pericentric region of chromosome 19 (Nagel et al. 2009 ) are reported.
Heterochromatic material attached to the end of an acrocentric chromosomal arm can have various sources. In general, such derivative acrocentric chromosomes are considered to be heteromorphic variations without any clinical meaning. They can be found in infertility patients and in those with clinical problems. In rare cases, the clinical phenotype of a patient is due to euchromatin translocated to an acrocentric short arm . The cases included in this study had only heterochromatic variants, considered to have no clinical meaning. However, their influence on fertility is still a matter of discussion (Codina-Pascual et al. 2006) . In cases 5, 12, 13, and 15, the enlargement of one or more acrocentric short arms was due to double satellite formation (dss), increase in the length of the stalk of the short arm (pstk+), or double stalks (pstkpstk). These are well-known length variations in heterochromatic segments described in the corresponding standard literature (Shaffer et al. 2009 ). In most of them, the NOR is involved; however, systematic studies aligning results from NOR silver staining (Goodpasture et al. 1976) and FISH studies using a NORspecific or an rDNA probe are still lacking. In case 5 also, 15p-specific β-satellite DNA was amplified on one chromosome 15, a variant less frequently observed (Acar et al. 1999) and not yet included in Shaffer et al. (2009) . Finally, the short arm of an acrocentric chromosome can be enlarged due to an unbalanced translocation of Yq12 material (cases 6-8). Most frequently observed are der(15)t(Y;15)(q12;p13) (Chen et al. 2007) , while corresponding derivatives of chromosomes 13 (Morris et al. 1987) , 14 (Buys et al. 1979) , 21 (Ng et al. 2006) , or 22 are rarely or have not been seen up to now.
Insertion of heterochromatic material into a chromosome arm of an autosome was present in cases 10 and 11 of this study. HCM-FISH showed in one step that this material was derived from an acrocentric short arm, once with and once without the NOR region. Similar reports are scarcely available in the literature (Watt et al. 1984; Reddy and Sulcova 1998; Guttenbach et al. 1998; Chen et al. 2004 ). However, even such an insertion in an X chromosome was seen once (Tamagaki et al. 2000) . Also, heterochromatic material from the pericentric region of chromosome 9 may be inserted into euchromatic (own unpublished observation) of heterochromatic material of other chromosomes (Doneda et al. 1998 ). Furthermore, Yq12 (Ashton-Prolla et al. 1997) and 16q11.2 material (McKeever et al. 1996) were observed to be inserted in another chromosome. Moreover, heterochromatic insertions such as Yq12 have been observed in tumor cytogenetics (Sala et al. 2007 ).
Enlargement of heterochromatic blocks in autosomes, specifically in chromosomes 1, 9, and 16, is well known and described in Shaffer et al. (2009) and elsewhere . Variants such as qh+, ph+, and qh-can be easily characterized by HCM-FISH. Also, the variants of chromosome 9 reported in Starke et al. (2002) can be visualized, similar to here in case 14.
Finally, HCM-FISH is suited to be used for the one-step characterization of potentially heterochromatic sSMC cases. In case 9, an acrocentric chromosome-derived sSMC was expected but turned out to be del(9)(q11.1~12). Thus, sSMC, being largely C banding-positive, are good candidates to be tested by HCM-FISH. sSMC derived from chromosomes 1, 9, 16, 19, or any acrocentric chromosome, can be determined or at least narrowed for their origin using this probe set, including such sSMC being Yq12 positive. Thus, over 55% of sSMC can be characterized with this simple probe set (Liehr 2012b) .
In conclusion, we present a new mFISH probe set easily and effectively applicable in clinical cytogenetic routine diagnostics. It could be enlarged by additional probes, for example, an rDNA probe (Muravenko et al. 2001) , midi probes of obviously heterochromatic sSMC of unclear origin within the human genome (Mackie Ogilvie et al. 2001) , or regions of cytogenetically visible copy number variants (Manvelyan et al. 2011) . The application of HCM-FISH will be helpful in tumor cytogenetics as well as in evolution research studies; for the latter, the addition of speciesspecific heterochromatic DNA probes would also be recommended.
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